The repeated administration of psychostimulants induces an enhanced behavioral response to a subsequent drug challenge. This behavioral sensitization is proposed to model the increased drug craving observed in human psychostimulant abusers. Using in vivo extracellular recordings from identified ventral tegmental area dopamine (DA) neurons, we report that amphetamine-sensitized rats display an activation of ventral hippocampal neuron firing and a significantly greater number of spontaneously active DA neurons compared with saline-treated rats. Moreover, TTX inactivation of the ventral hippocampus restores DA neuron activity to control levels and also blocks the expression of locomotor sensitization. Taken as a whole, we propose that behavioral sensitization to psychostimulant drugs is attributable, at least in part, to persistent activation of the ventral hippocampus-nucleus accumbens pathway, with the resultant increase in tonic DA neuron firing enabling an abnormally higher response to subsequent psychostimulant administration.
Introduction
The repeated administration of psychostimulants such as cocaine and amphetamine induces an augmented response to a subsequent drug challenge (Segal and Mandell, 1974; Post and Rose, 1976) . This is known as behavioral sensitization and is proposed to model the increased drug craving observed in human psychostimulant abusers (Robinson and Berridge, 1993) . Given that the primary mechanism of action of psychostimulants is to enhance extracellular dopamine (DA), it is not surprising that there is considerable evidence demonstrating that behavioral sensitization is attributable, at least in part, to enhanced activity of the mesolimbic DA pathway (White and Wang, 1984; Henry et al., 1989; Kalivas and Stewart, 1991) (for review, see Pierce and Kalivas, 1997) .
The activity of the mesolimbic DA system is regulated via two independent mechanisms: (1) transient or "phasic" DA release that is mediated mainly through DA neuron burst firing, and (2) extrasynaptic or "tonic" levels of DA that are mediated by basal DA neuron activity and regulated via presynaptic inputs (Grace, 1991; Floresco et al., 2003; Grace et al., 2007) . Thus, it has been demonstrated that DA neuron burst firing induces a large transient increase in synaptic DA in target regions and is considered to be the temporally relevant signal sent to postsynaptic sites to encode reward prediction or indicate incentive salience (Berridge and Robinson, 1998; Schultz, 1998) . In contrast, tonic DA transmission occurs over a much slower time scale and has been proposed to regulate the responsivity of the DA system through presynaptic and postsynaptic mechanisms (Grace, 1991; Lodge and Grace, 2006b; Grace et al., 2007) .
One region that potently modulates DA neuron activity is the ventral hippocampus (vHipp) (Legault and Wise, 1999; Floresco et al., 2003; Lodge and Grace, 2006b ), a temporal lobe structure involved in memory formation as well as the processing of novel and contextual information (Moses et al., 2002; Squire et al., 2004) . vHipp activation increases DA neuron population activity (i.e., the number of DA neurons firing spontaneously) that is correlated with significant increases in extracellular DA levels in the nucleus accumbens (Acb) (Floresco et al., 2003) . Furthermore, the hippocampus itself receives a significant input from the ventral tegmental area (VTA), and it has been demonstrated that DA acts to modulate hippocampal plasticity and subsequently learning and memory (Frey et al., 1990 (Frey et al., , 1991 Matthies et al., 1997; Lisman and Grace, 2005; Granado et al., 2008) . Thus, longterm potentiation (LTP), an index of synaptic strength and prominent form of signaling in the hippocampus, is strongly dependent on DA. More specifically, late-phase LTP is blocked by dopamine D 1 receptor antagonists and is absent in D 1 receptor knock-out mice, whereas D 1 receptor activation leads to an enhancement of hippocampal LTP (Frey et al., 1990 (Frey et al., , 1991 Matthies et al., 1997; Granado et al., 2008) .
The expression of behavioral sensitization to psychostimulants has consistently been shown to be significantly more robust when the sensitizing drug injections are performed in the same environmental context as that used for the drug challenge (Hin-son and Poulos, 1981; Post et al., 1981; Badiani et al., 1995) . Given the critical role of the vHipp in the processing of contextual information and in the regulation of DA neuron activity states, we propose that repeated psychostimulant administration induces a hippocampal hyperfunction and subsequent increase in tonic DA neuron activity that is the cause of the augmented phasic DA response to subsequent psychostimulant administration. The current studies were designed to test this hypothesis.
Materials and Methods
All experiments were performed in accordance with the guidelines outlined in the United States Public Health Service Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh.
Acute studies. Male Sprague Dawley rats (300 -400 g) were housed individually in plastic breeding tubs and injected daily for 5 d (between 3:00 and 5:00 P.M.) with either D-amphetamine sulfate (1.5 mg/kg/d, i.p.) or saline (1 ml/kg/d, i.p.). Given that all electrophysiology is performed in anesthetized animals, the home cage is the environmental context for these studies. After a 5 d drug-free period, rats were anesthetized with chloral hydrate (400 mg/kg, i.p.) and placed in a stereotaxic apparatus. Anesthesia was maintained by supplemental administration of chloral hydrate as required to maintain suppression of limb compression withdrawal reflex. A core body temperature of 37°C was sustained by a thermostatically controlled heating pad. For acute administration of drugs into the vHipp, rats were implanted with a 23 gauge cannula 2.0 mm dorsal to the vHipp [anteroposterior (A/P) Ϫ6.0, mediolateral (M/L) ϩ5.3, dorsoventral (D/V) Ϫ4.5 mm from bregma] that was fixed in place with dental cement and two anchor screws. Chemical inactivation was performed with tetrodotoxin (TTX; 1 M) infused in a volume of 0.5 l through a 30 gauge injection cannula protruding 2.0 mm past the end of the implanted guide cannula. Dulbecco's PBS (0.5 l) was infused into the vHipp for control experiments. The injection cannula was left in situ for 1-2 min to ensure diffusion of drug into the surrounding tissue. Tetrodotoxin (1 M/0.5 l) was injected at a dose previously reported to induce specific neurochemical effects (Floresco et al., 2001; Lodge and Grace, 2007) . Rats received only one injection per region, and DA neuron activity was typically recorded from 10 min to 2 h after infusions. A group of untreated control rats were administered amphetamine (1.5 mg/kg, i.p.) immediately preceding dopamine neuron recordings to examine the acute effects of amphetamine administration.
VTA DA neuron extracellular recordings. Extracellular microelectrodes (impedance 6 -14 M⍀) were lowered into the VTA (A/P Ϫ5.3, M/L ϩ 0.8 mm from bregma and Ϫ6.5 to Ϫ9.0 mm ventral of brain surface) using a hydraulic microdrive, and the activity of the population of DA neurons was determined by counting the number of spontaneously active DA neurons encountered while making six to nine vertical passes, separated by 200 m, in a predetermined pattern to sample equivalent regions of the VTA. Spontaneously active DA neurons were identified with open filter settings (low pass, 50 Hz; high pass, 16 kHz) using previously established electrophysiological criteria (Grace and Bunney, 1983; Grace et al., 2007) , and once isolated, their activity was recorded for 2-3 min. Three parameters of activity were measured: (1) population activity (defined as the number of spontaneously active DA neurons recorded per electrode track), (2) basal firing rate, and (3) the proportion of action potentials occurring in bursts [defined as the occurrence of two spikes with an interspike interval of Ͻ80 ms, and the termination of the burst defined as the occurrence of an interspike interval of Ͼ160 ms (Grace and Bunney, 1984) ].
vHipp neuron extracellular recordings. Extracellular microelectrodes (impedance 10 -14 M⍀) were lowered into the vHipp (A/P Ϫ5.0, M/L ϩ4.5 mm from bregma and Ϫ5.5 to Ϫ8.5 mm ventral of brain surface) using a hydraulic microdrive. vHipp neuron activity was examined by making seven to eight vertical passes, separated by 200 m, in a predetermined pattern to sample equivalent regions of the vHipp. Once isolated, spontaneously active vHipp neurons were recorded for 3 min. Four parameters of activity were measured: (1) average firing rate, (2) the proportion of action potentials occurring in bursts (defined as the occurrence of two spikes with an interspike interval of Ͻ50 ms), (3) interspike interval within burst, and (4) the average number of spikes per burst.
Acb field potential recordings. Hippocampal-evoked Acb field recordings were performed essentially as reported previously (Goto and Grace, 2005b) . In brief, bipolar concentric stimulating electrodes were placed in the vHipp (A/P ϩ5.3, M/L ϩ5.0, and Ϫ8.0 mm ventral from bregma) and dorsal medial prefrontal cortex (mPFC; A/P ϩ3.2, M/L ϩ0.5, and Ϫ3.0 mm ventral from bregma). In vivo evoked local field potential responses were examined using low-impedance glass microelectrodes (4 -6 M⍀) lowered into the Acb (A/P ϩ1.4, M/L ϩ1.4 mm from bregma and Ϫ7.5 mm ventral of brain surface). The field potential signal was amplified (1000ϫ), filtered (low pass, 1 Hz; high pass, 1 kHz), and digitized (10 kHz) for off-line analysis. Isolated current pulses (0.25 ms, 0.2-0.5 mA) were delivered to the vHipp at a rate of 0.1 Hz and current intensity adjusted to evoke a submaximal (ϳ50%) local field potential (LFP) response. There were no significant differences in the current intensity required to induce a submaximal response between saline-and amphetamine-treated rats. After a 20 min equilibration, 20 min of baseline evoked LFPs were recorded before high-frequency stimulation of the vHipp (3 ϫ 50 Hz trains, 1 mA, 2 s train duration, 0.05 trains/s). Evoked LFPs were recorded for 40 min before high-frequency stimulation of the mPFC (3 ϫ 50 Hz trains, 1 mA, 2 s train duration, 0.05 trains/s). vHipp evoked LFPs were recorded for a further 40 min. This technique has been characterized previously and demonstrated to induce robust plastic changes in Acb responsivity (Goto and Grace, 2005a,b) .
Behavioral sensitization to amphetamine. All survival surgical procedures were performed under general anesthesia in a semisterile environment. Briefly, male rats were anesthetized with ketamine/xylazine (80/12 mg/kg, i.p., respectively) and placed in a stereotaxic apparatus using blunt atraumatic ear bars. Bilateral cannulas (23 ga) were implanted 2 mm dorsal to the ventral hippocampus (A/P Ϫ6.0, M/L Ϯ5.3, D/V Ϫ4.5 mm from bregma) and fixed in place with dental cement and four anchor screws. Once the cement was completely solid, the wound was sutured, and the rat was removed from the stereotaxic frame and monitored closely until conscious. Rats received antibiotic treatment (gentamicin 3 mg/kg, s.c.) and postoperative analgesia (Children's Tylenol syrup in softened rat chow; 5% v/w) ad libitum for 48 h. Rats were housed with a reverse light/dark cycle (lights on 7:00 P.M. to 7:00 A.M.) for at least 2 weeks before behavioral experiments. A timeline for the behavioral experiments is presented in Figure 1 . Briefly, on day 0, rats were acclimatized to an open-field arena (Coulbourn Instruments) where spontaneous locomotor activity in the X-Y plane was monitored for 120 min by beam breaks and recorded with TruScan software (Coulbourn Instruments). On days 1-5, rats were treated with either amphetamine (1.5 mg/kg, i.p.) or saline (1 ml/kg, i.p.), and the expression of locomotor activity was recorded in an open-field arena. For days 6 -10, rats remained drug-free in their home cages. On testing day 11, rats were administered intra-vHipp TTX (1 M) or vehicle (Dulbecco's PBS) bilaterally (0.5 l/side) and placed in the open-field arena for 30 min. All rats were then administered a challenge dose of amphetamine (1.5 mg/kg, i.p.), and locomotor activity was recorded for an additional 90 min. It should be noted that locomotor activity was examined during the active part of the diurnal cycle, whereas DA recordings were performed during the inactive part of the cycle. Importantly, recent data have demonstrated that DA neurons do not display differences in firing across the diurnal cycle (Luo et al., 2008) .
Histology. At the cessation of the electrophysiology experiments, the recording site was marked via electrophoretic ejection of Pontamine sky blue from the tip of the recording electrode (Ϫ25 A constant current for 20 -30 min), and stimulating electrodes were marked by passing constant current across the poles (10 s, 0.3 mA). For acute studies, rats were killed by an overdose of anesthetic (chloral hydrate, additional 400 mg/kg, i.p.), whereas for repeated drug studies, rats were killed by a lethal dose of anesthetic (sodium pentobarbital, 120 mg/kg, i.p.). All rats were decapitated, and their brains were removed, fixed for at least 48 h (8% w/v paraformaldehyde in PBS), and cryoprotected (25% w/v sucrose in PBS) until saturated. Brains were sectioned (60 m coronal sections), mounted onto gelatin-chrome alum-coated slides and stained with cresyl violet for histochemical verification of electrode and/or cannula sites.
The locations of drug infusion cannulas in the vHipp are presented in Figure 2 . All histology was performed with reference to a stereotaxic atlas (Paxinos and Watson, 1986) .
Analysis. Electrophysiological analysis of single-unit neuron activity and evoked Acb LFPs were performed using custom-designed computer software (Neuroscope). The magnitude of the LFP was determined as the difference (in millivolts) between P1 and N1, and data were averaged across 2 min periods (see Fig.  4 A) . Locomotor behavior was recorded using TruScan software (Coulbourn Instruments). All data are represented as the mean Ϯ SEM unless otherwise stated. All statistics were calculated using the SigmaStat software program (Jandel).
Materials. Ketamine HCl and xylazine were of United States Pharmacopeia (USP) grade and purchased from Phoenix Pharmaceutical, and pentobarbital sodium (USP) was obtained from Ovation Pharmaceuticals. Chloral hydrate, tetrodotoxin, gentamicin solution, Dulbecco's PBS, and D-amphetamine sulfate were all purchased from Sigma. All other chemicals and reagents were of either analytical or laboratory grade and purchased from various suppliers.
Results
Using in vivo extracellular recordings from identified DA neurons in chloral hydrate-anesthetized rats, we examined the effect of acute and repeated amphetamine administration on DA neuron activity states in the VTA [see timeline (Fig. 1)] . Rats that received daily saline injections (n ϭ 6 rats, 48 neurons) exhibited an average of 1.13 Ϯ 0.07 spontaneously active DA neurons per electrode track that fired at an average rate of 4.54 Ϯ 0.27 Hz and with 26.8 Ϯ 3.7% of the action potentials occurring in a burst discharge pattern (Fig. 3a-c) ; this is consistent with previous findings in untreated rats (Floresco et al., 2003; Lodge and Grace, 2006a,b) . Acute amphetamine administration (n ϭ 7 rats, 31 neurons) resulted in a significant decrease in DA neuron population activity (0.50 Ϯ 0.05 cells per track; p Ͻ 0.05, one-way ANOVA, Student-Newman-Keuls post hoc) (Fig. 3a) . No significant differences were observed in burst firing (26.2 Ϯ 5.2%) or average firing rate (3.65 Ϯ 0.33 Hz) across the population of neurons recorded; however, a shift in the firing rate frequency distribution was observed after acute amphetamine administration (Fig. 3d) . In contrast, repeated (5 d) amphetamine administration followed by 5 d withdrawal (n ϭ 7 rats, 79 neurons) resulted in a significant increase in DA neuron population activity (1.78 Ϯ 0.09 cells per track; p Ͻ 0.05, one-way ANOVA, Student-Newman-Keuls post hoc) (Fig. 3a) relative to control and acute amphetamine, without significantly affecting average burst firing (24.5 Ϯ 3.0%) or firing rate (4.42 Ϯ 0.20 Hz) (Fig.  3b,c) . It should be noted that the increased number of cells observed after repeated amphetamine treatment was not localized to a specific subregion of the VTA.
Previous studies showed that VTA DA neuron population activity is controlled by activity within the vHipp, via a vHippAcb-ventral pallidum-VTA pathway (Floresco et al., 2001 (Floresco et al., , 2003 , and that abnormally high activity in this region can augment the behavioral response to amphetamine . Thus, we examined the activity of vHipp neurons after repeated amphetamine treatment. Rats that received daily saline injections (n ϭ 5 rats, 65 neurons) exhibited an average firing rate of 0.52 Ϯ 0.07 Hz with 32.5 Ϯ 3.0% of the action potentials occurring in a burst discharge pattern, an average within-burst interspike interval (ISI) of 14.6 Ϯ 1.3 ms, and 2.29 Ϯ 0.07 spikes per burst, consistent with previous findings . Repeated (5 d) amphetamine administration followed by 5 d withdrawal (n ϭ 5 rats, 45 neurons) resulted in a significant increase in the average firing rate of vHipp neurons (1.40 Ϯ 0.07 Hz; p Ͻ 0.05, Mann-Whitney rank sum test), an increase in both the percentage (41.8 Ϯ 3.0%; p Ͻ 0.05, Mann-Whitney rank sum test) and number of spikes per burst (2.44 Ϯ 0.08; p Ͻ 0.05, Mann-Whitney rank sum test), relative to control, without significantly affecting the within-burst ISI (14.7 Ϯ 1.4 ms).
Because the occlusion of plasticity in the vHipp-Acb pathway has been previously demonstrated after cocaine sensitization (Goto and Grace, 2005b) , we examined the induction and reversal of LTP after repeated amphetamine treatment. Consistent with previous data in untreated rats, high-frequency stimulation of the vHipp induced an enhanced local field potential response in the vHipp-Acb pathway, a process that was attenuated by high-frequency stimulation of the dorsal mPFC (Fig. 4b) (Goto and Grace, 2005b) . In contrast to that observed after cocaine sensitization, repeated amphetamine administration had no significant effect on vHipp-Acb plasticity after vHipp tetanus; however, the ability of high-frequency stimulation of the dorsal mPFC to attenuate this vHipp-Acb LTP was diminished in the amphetamine-sensitized rats (Fig. 4c) .
Our studies show that repeated amphetamine administration causes an abnormal activation of the vHipp and an altered regulation of the vHipp-Acb projection. Given the role of the vHipp in the regulation of DA neuron population activity, and the context-dependent nature of behavioral sensitization, we examined whether attenuation of this aberrant vHipp activity in amphetamine-sensitized rats could restore VTA DA neuron activity states to control levels. Thus, intra-vHipp administration of the sodium channel blocker TTX to amphetamine-sensitized rats (n ϭ 8 rats, 58 neurons) significantly attenuated the augmented population activity observed in sensitized rats (1.08 Ϯ 0.16 cells per track; p Ͻ 0.05, one-way ANOVA, Student-Newman-Keuls post hoc) (Fig. 5a) . Importantly, blockade of hippocampal transmission with TTX did not significantly alter any parameter of DA neuron activity in control rats (n ϭ 6 rats, 47 neurons; population activity, 1.04 Ϯ 0.05 cells per track; firing rate, 4.95 Ϯ 0.27 Hz; burst firing, 31.2 Ϯ 4.2%) (Fig. 5a-c) , nor did it significantly affect firing rate (4.23 Ϯ 0.27 Hz) or burst firing (28.8 Ϯ 3.9%) in amphetamine-sensitized rats (Fig. 5b,c) .
Given the recent literature correlating increased vHipp activity with an augmented behavioral responsivity to amphetamine (White et al., 2006; Lodge and Grace, 2007) , we tested whether behavioral sensitization may be attributable to aberrant vHipp activity. Consistent with previous observations, repeated amphetamine administration induced an augmented locomotor response to an amphetamine challenge compared with saline-treated rats (Fig. 6a) . Furthermore, whereas bilateral hippocampal inactivation had no significant effect on amphetamine-induced locomotor activity in control animals (Fig. 6b) , it significantly reversed the augmented psychostimulantinduced locomotion observed in amphetamine-sensitized rats (Fig. 6c) .
Discussion
The data presented here demonstrate that behavioral sensitization to amphetamine is attributable, at least in part, to an enhanced mesolimbic DA neuron drive, secondary to augmented activity in the vHipp. This enhanced DA neuron drive is expressed as an increased population activity, i.e., the number of spontaneously active DA neurons. Furthermore, this enhancement is not attributable to the acute pharmacological effects of amphetamine, because acute psychostimulant administration produces the opposite response, i.e., a decrease in the number of spontaneously active DA neurons (Fig. 3) (Lodge and Grace, 2005) as a result of augmented somatodendritic DA-mediated autoinhibition and feedback inhibition from forebrain structures (Einhorn et al., 1988) .
An association between hippocampal activity and ascending DA function has been suggested previously (Legault and Wise, 1999; Floresco et al., 2001 Floresco et al., , 2003 Grace, 2006b, 2007) . Thus, the vHipp can modulate DA neuron population activity and Acb DA overflow via a multisynaptic (vHipp-Acb-ventral pallidal-VTA) pathway (Floresco et al., 2001 (Floresco et al., , 2003 . Furthermore, NMDA activation of the vHipp augments the locomotor response to intra-Acb amphetamine (White et al., 2006) . We now demonstrate that repeated amphetamine administration can result in aberrant DA neuron signaling and suggest that this is secondary to enhanced activity in the vHipp. Specifically, we demonstrate that repeated amphetamine-treated rats display a significantly higher number of spontaneously active DA neurons compared with control rats, consistent with previous observations (White and Wang, 1984; Henry et al., 1989) . Such an increase in DA neuron population activity would enhance the tone of the DA system and result in an augmented DA response to subsequent psychostimulant administration. Furthermore, increased DA neuron population activity is also able to regulate phasic DA neuron responses by increasing the number of DA neurons available to convey a phasic signal (Lodge and Grace, 2006b ). Because phasic DA neuron activity (FR; C) , and firing rate frequency distribution (D). Acute amphetamine administration (1.5 mg/kg, i.p.) resulted in a significant decrease in population activity, whereas a significantly higher population activity was observed after repeated amphetamine administration. No significant differences were observed in burst firing or average firing rate; however, a shift in the firing rate frequency distribution is observed after acute amphetamine. *Statistically significant difference from control (repeated saline administration); † statistically significant difference between acute and repeated amphetamine treatment ( p Ͻ 0.05, 1-way ANOVA, Student-Newman-Keuls post hoc; n ϭ 6 -7 rats per group; error bars represent SEM).
is highly correlated with reward prediction (Schultz, 1998) , such an altered phasic signal would likely result in aberrant reward processing.
Given the context-dependent nature of behavioral sensitization and the critical role of the vHipp in the processing of contextual information, we examined whether aberrant hippocampal activity may be responsible for the augmented DA neuron population activity in amphetamine-sensitized rats. Recordings within the vHipp demonstrated that, in amphetamine-sensitized rats, there was a significant increase in baseline activity of the vHipp. Given that the baseline firing rate of vHipp neurons is similar in the awake and anesthetized rats (Jung et al., 1994) , we believe that this threefold increase in vHipp activity is sufficient to alter information processing in the Acb. Furthermore, the ability of the mPFC to regulate vHipp-Acb drive was significantly attenuated. Thus, after amphetamine sensitization, the mPFC loses the ability to reset this system to baseline levels. Inactivation of this aberrant vHipp drive via TTX inactivation of the vHipp normalized the increased DA neuron population activity to a level consistently observed in control animals. This manipulation had no significant effect on any other parameter of DA neuron activity in rats repeatedly treated with amphetamine, nor did it have any observable effects on DA neuron activity in control animals. Furthermore, given that chemical enhancement of vHipp output augments the locomotor response to amphetamine (White et al., 2006) , we propose that the behavioral sensitization to repeated amphetamine administration may be attributed to vHipp-induced enhancement of baseline DA neuron population activity. Indeed, bilateral hippocampal inactivation significantly reduced the augmented psychostimulant-induced locomotion observed in amphetamine-treated rats back to that observed in controls, while having no significant effect on amphetamine-induced locomotor activity in control animals. It is important to note that there were no differences in baseline and N1 refer to the first positive and negative peaks, respectively. B, Saline-treated rats display an increased LFP response after high-frequency stimulation of the vHipp (first arrow). This is attenuated after high-frequency stimulation of the dorsal mPFC (second arrow). C, A similar LTP is observed in amphetamine-treated rats after high-frequency stimulation of the vHipp; however, this is not significantly attenuated after tetanic stimulation of the mPFC. Significant group difference in normalized data relative to baseline ( † p Ͻ 0.05, ANOVA on ranks, Dunn's post hoc; n ϭ 9 rats per group; error bars represent SEM). exploratory behavior between the groups, and thus the behavioral consequence of the augmented DA neuron activity is only revealed after amphetamine administration.
The model advanced here, that the behavioral sensitization to repeated amphetamine administration may be attributed to vHipp-induced enhancement of baseline DA neuron population activity, is consistent with a number of observations in amphetamine-and/or cocaine-sensitized rats. For example, a number of studies have reported an increased glutamatergic drive in psychostimulant-sensitized rats (Karler et al., 1991 (Karler et al., , 1994 Pierce et al., 1996) . Thus, intra-Acb administration of the AMPA antagonist CNQX (6-cyano-7-nitroquinoxaline-2,3-dione) attenuates the expression of behavioral sensitization to cocaine (Pierce et al., 1996) . Further evidence for an increased glutamatergic tone to the Acb is the observation of altered synaptic morphology in the Acb of sensitized rats. Thus, repeated psychostimulant administration induces a robust alteration in the spine density of medium-spiny neurons in the Acb that is localized to the distal dendrites, which largely receive extrinsic glutamatergic input (Li et al., 2004) . Consequently, we propose that the purported increased glutamatergic drive to the Acb in sensitized rats arises, at least in part, from the ventral hippocampus. Indeed, we now demonstrate that repeated amphetamine administration increases both the average firing rate and the patterned activity of vHipp neurons.
The mechanism by which repeated amphetamine administration alters hippocampal output is not clear; however, there is significant evidence demonstrating a critical role of DA in hippocampal transmission. Thus, LTP is an index of synaptic strength and prominent form of signaling in the hippocampus and is strongly dependent on DA. More specifically, late-phase LTP is blocked by dopamine D 1 receptor antagonists and is absent in D 1 receptor knock-out mice, whereas D 1 receptor activation leads to an enhancement of hippocampal LTP (Frey et al., 1990 (Frey et al., , 1991 Matthies et al., 1997; Granado et al., 2008) . As such, it is possible that repeated psychostimulant-induced DA stimulation in the ventral hippocampus of sensitized rats induces an augmented hippocampal output in the form of LTP. Indeed, we have previously demonstrated the occlusion of vHipp-Acb LTP after repeated cocaine administration (Goto and Grace, 2005b) . Interestingly, this effect was not observed after repeated amphetamine administration; rather, LTP was equally induced in amphetamine and saline-pretreated animals, whereas the ability of mPFC stimulation to reverse LTP was attenuated.
Taken as a whole, the present study demonstrates that the augmented responsivity to psychomotor stimulants observed in amphetamine-sensitized rats is likely attributable to an increase in tonic DA transmission secondary to augmented activity within the ventral hippocampal. Moreover, an augmentation of vHipp drive was also found in an animal developmental model of schizophrenia, in which endogenous vHipp overdrive also leads to aberrant DA signaling . Such an understanding of the functional interactions among these systems and how pathology within these circuits affects central reward processing is critical to gaining a better understanding of the pathophysiology underlying drug abuse, and may provide novel pharmacotherapeutic approaches to its treatment. Figure 6 . Bilateral vHipp inactivation by TTX (1 M) normalizes the aberrant locomotor response to amphetamine (1.5 mg/kg, i.p.) observed after sensitization. A, Repeated amphetamine administration (AMPH) induced an augmented response to a subsequent amphetamine challenge compared with repeated saline-treated (SAL) rats. B, C, Inactivation of the vHipp by TTX did not affect psychostimulant-induced locomotion in SAL rats (B), but significantly attenuated the augmented locomotor response to amphetamine in sensitized rats (C). † Significant group effect of treatment; *treatment interactions across time ( p Ͻ 0.05, 2-way ANOVA, Tukey post hoc; n ϭ 11-12 rats per group; error bars represent SEM). VEH, Vehicle.
